Abstract-with the advancement in microelectronic technology, there is a growing tendency in the hardware of the wireless communication systems to be smaller in size with much more functionalities. Along with this miniaturized RF systems and components, the size of the antenna becomes one of the largest and cumbersome system components. As a result, small size, light weight, low profile and power efficient antennas are in great demand. In this paper the study of the effect of various geometrical slots in the ground plane of a 50ȍ microstrip transmission line fed slot antenna for compact operation is presented. The study includes four different types of ground plane slots: (a) conventional rectangular slot, (b) square dumbbell slot, (c) circular dumbbell slot and (d) double cross slot. It was found that using the square dumbbell slot resulted in 31% reduction in the antenna size compared to the conventional slot antenna. Numerical simulations are carried out using CST microwave studio based on the finite integration time-domain technique. Additional simulations were carried out using EMPIRE XCcel™ finite-difference time-domain (FDTD) software.
I. INTRODUCTION
Due to the growing of wireless communication market, future communication systems are expected to provide multimedia, high data rate as well as communication services. Many applications such as; imaging, vehicular radar, communications and measurement systems require integrated antennas of small size, low cost and low profile. A microstrip antenna has been considered so far as a promising candidate due to some advantages over conventional antennas, such as being low-profile, compact, low cost and ease of integration with other active components [1, 2] .
In the recent decade, slot antennas have again become the subject of great interest to the antenna engineers as integrated planar antennas due to their miniaturization potential, relatively wide bandwidth and ease of fabrication which is basically required in many recent applications [3] . Many special situations require a rectangular slot as either an antenna or a coupling method. A narrow rectangular slot has many applications distinct from those of the conventional wire antennas, especially where low-profile or flush installations are required such as on high-speed air-craft, missiles, and satellites.
A microstrip slot antenna, one kind of the microstrip antennas, has a rectangular slot on the ground plane of a 50ȍ microstrip transmission line [4] . The slot length is about half of the guided wavelength (Ȝ g /2) in the slot line, so the slot occupies a large area on the dielectric substrate. To get around this problem, we propose a new type of the small size slot antennas.
Several slot antennas are reported to achieve improved performances, in [5] , a typical circular-ring slot antenna utilizing a strip line hybrid coupler feed-network achieves good broadband circular-polarization performance. In [6] , circular polarization (CP) radiation is achieved by introducing proper asymmetry in the ring slot structure and feeding the ring slot using a microstrip line at 45 o from the introduced asymmetry. An annular slot antenna has recently been reported [7] . Various other slot combinations are reported to obtain compact/broadband antennas [8, 9] .
Currently, recent research studies are going towards miniaturization of slot antenna [1] [2] [3] . In this paper, we present a study of the effect of various slots in the ground plane of a conventional 50ȍ microstrip line for compact operation. Four different types of ground plane slots are studied and compared. The substrate used is FR4 and all the antennas are fed by 50ȍ microstrip line since this helps easy integration with other microwave circuitry.
II. SLOT ANTENNA DESIGN AND RESULTS
It is well known that microstrip-fed slot antennas have the advantage of a relatively large bandwidth, good impedance matching, and capability for full integration with active or passive components. To reduce costs, the substrate was selected as FR4, which has a relative permittivity of İ r =4.4, loss tangent of 0.02 and a thickness of h = 1 mm (17 ȝm metallisation). The ground plane is chosen to be square and its size is 30 mm × 30 mm. Figure 1 shows the schematic of the conventional planar slot antenna based on the FR-4 substrate and a 50ȍ microstrip feed-line used to excite the slot antenna. For the design of 50ȍ microstrip feed-line to be compatible with standard measurement systems, the dimension of the microstrip is chosen to be 1.9 mm on 1mm thick FR-4 substrate. Based on the simulated results, it was found that the width of the rectangular slot has negligible effects and 1mm thickness was used. The length of the slot (S L ) determined the frequency. The parameters upon which the antenna performance shows a medium or heavy dependence are length of the slot (S L ) and microstrip line offset position. Figure 2 shows the simulated return loss curve of the conventional slot antenna against frequency. The return lose of conventional slot antenna is -36 dB around 6 GHz. To verify the effects of the proposed structures on the size reduction and antenna performances, input return losses and radiation patterns are simulated using CST Microwave studio and compared to conventional slot antenna. The proposed miniaturized slot antennas fed by a 50ȍ microstrip line are shown in Fig. 3 , which are printed on an FR4 substrate of thickness 1 mm. The basic antenna structure consists of a feed line, and a ground plane with a modified slot. The proposed antenna is connected to a 50ȍ SMA connector for signal transmission which is considered as a wave port in CST Microwave studio. By cutting a novel slot of suitable dimensions at the ground plane, a more inductive loading effect at the edges of the slot will occur, furthermore, an increasing in the surface current path will enabling miniaturisation of the conventional slot antenna. The truncated ground plane and rectangular slots play important roles in the characteristics of the antenna, because they can adjust the electromagnetic coupling effects between the feed line and the ground plane, and improve its impedance bandwidth without any cost of size or expense. Figure 4 shows the simulated return loss curves of the proposed miniaturized slot antennas against frequency. The length of the 50ȍ microstrip feed line is adjusted to achieve an excellent input matching. As can be seen in Fig. 4 , the square dumbbell slot antenna has less resonance frequency (4.1 GHz) compared to the simple rectangular slot (6 GHz). It is important to note that the resonant frequency of the proposed antenna is 1.9 GHz lower than that of the conventional slot antenna. These results show that the proposed antenna design successfully reduced the size. Table 1 compares the resonant frequency, bandwidth, antenna directivity and size reduction rates of the conventional slot antenna and the proposed antennas. The size reduction values are calculated from the decrease in resonant frequency. Table 2 shows the results using EMPIRE XCcel™ FDTD software (www.empire.de). The results with the conventional and cross slot antenna showed good agreement. However, the square and circular slot antennas produce a larger size reduction with CST than with EMPIRE.
The computed radiation characteristics of the proposed miniaturized slot antennas at their operating frequencies within the impedance bandwidth obtained have also been studied. Fig. 5, Fig. 6, Fig. 7 and Fig. 8 shows the directivity patterns of reference conventional slot antenna and the proposed miniaturized slot antennas at their central frequencies in ș-plane and ĳ-plane where the antenna is placed in the xy-plane. The proposed antennas displays almost the same radiation characteristics as the conventional slot antenna with very clear reduction in the antenna size compared to the conventional antenna. It is observed that the radiation patterns are bi-directional and similar to those of the conventional monopole antenna.
To have a deep insight on how the use of various slots with different boundary curves will increase (change) the path of the surface current on the slotted ground plane, the distributions of surface current are simulated by using CST Microwave studio , Fig. 9 . Fig.10, Fig. 11 and Fig. 12 shows both the magnitude and vector surface current distribution of each of the proposed antennas at their resonant frequencies. It can be seen that the current path in the case of dumbbell slot has the longest path among the proposed structures and compared to the conventional one. III. CONCLUSIONS In this paper the effect of different geometrical slots in the ground plane of a 50ȍ microstrip line on the radiation characteristics of conventional rectangular slot antenna for compact operation is investigated. It was found that using the proposed slots gives the maximum size reduction, typically 31% reduction in size compared to the conventional slot antenna in the case of square slot antenna with the same radiation characteristics. The proposed antenna has a simple geometry and compact size and integrated on one thin substrate. Therefore, it can be fabricated incorporating easier process than other antennas. The performance of antenna can be improved further by optimizing the relative permittivity of substrate and its thickness.
